Abstract. The pea aphid, Acyrthosiphon pisum (Hemiptera: Aphididae), is a well-studied species in terms of its colour polymorphism, where it occurs as two distinct colour morphs, red and green. It is proposed that the occurrence and maintenance of this polymorphism is an adaptive response to environmental factors, in particular natural enemies and host plant quality. We hypothesized that these adaptations are directly mirrored in the energy reserves accumulated by the different colour morphs during their pre-adult stages and reflect their specialization for particular ecological roles. We quantitatively measured the different energy reserves of red and green pea aphids and found that the total energy reserves of these morphs did not differ. Interestingly, these reserves were made up of different components in the red and green colour morphs. There was a higher percentage content of water-soluble carbohydrates and lipids in the red clones and higher percentage content of protein in green clones. These finding are in accordance with green clones being more fecund than red ones and needing more protein for reproduction than red clones, which produce more winged offspring when crowded or in response to the presence of natural enemies and so, need more lipids and carbohydrates to fuel their walking and flight. Apparently, different colour morphs are physiologically specialized to adjust their energy reserves in relation to their specific ecological adaptations and maximize their fitness in terms of dispersal, reproduction, defense and surviv al.
INTRODUCTION
Phenotypic polymorphism (i.e. differences in body characters, such as colour and size of individuals of the same species) is widespread in animal taxa (Maynard Smith, 1998) . Many species of aphids (Hemiptera: Aphididae) are characterized by the production of a range of colour morphs that may differ in some biological properties such as growth rate, host range and susceptibility to natural enemies (Markkula, 1963; Losey et al., 1997; Braendle & Weisser, 2001 ). Several hypotheses have been proposed to justify the occurrence and maintenance of polymorphism in natural populations of aphids (reviewed by Futuyma, 1986) . According to most of these hypotheses, differential pressures of environmental conditions, especially natural enemies, on different colour morphs maintain colour polymorphism in aphid populations (Agawa & Kawata, 1995; Losey et al., 1997) .
The pea aphid Acyrthosiphon pisum (Harris) is an important agricultural pest of a wide range of leguminous crops, causing direct damage through phloem feeding and indirect economic loss because it is a vector of economically important plant viruses (Dixon, 1985; Lane & Walters, 1991) . Pea aphids occur in two colour morphs, red and green (Weisser & Braendle, 2001) . Laboratory crosses between red and green morphs suggest that body colour determination in pea aphids is genetically based, with the morphs remaining distinct throughout the vegetative season because the aphids reproduce parthenogenetically (Losey et al., 1997; Caillaud & Losey, 2010) . However, some environmental factors (such as symbiotic microorganisms) are also thought to affect aphid body colour (Tsuchida et al., 2010) .
During a long evolutionary history, ecological and behavioural specializations have been evolved by each colour morph to maximize their inclusive fitness in terms of reproduction, dispersal, defense and survival. For example, red clones of the pea aphid drop off host plants more frequently than green ones when artificially disturbed (Braendle & Weisser, 2001; Farhoudi, 2012) . Interestingly, red clones are more susceptible to general predators such as ladybirds and dropping off host plants enables them to escape from predators (Losey et al., 1997; Farhoudi, 2012) . On the other hand, green clones are more frequently parasitized by parasitic wasps (Losey et al., 1997) and so, rely more on chemical defense than dropping off host plants (Farhoudi, 2012) . More interestingly, green clones of pea aphids are believed to be better adapted to cold conditions, i.e., they occur earlier in the vegetative season, than red ones (Valmalette et al., 2012) probably due to the lower abundance of parasitoids in comparison to predators at that time of the year. On the other hand, red clones are more abundant than green ones during the warmer months (especially summer), probably due to their greater dispersal ability in terms of producing a higher proportion of winged offspring when crowded (Weisser & Braendle, 2001 ), more efficient defense against natural enemies (Braendle & Weisser, 2001 ) etc. Although, there are many other examples of ecological and behavioural differences between these two colour morphs, there is no experimental study on whether environmental conditions differentially affect the physiology of red and green clones. In this study, we quantitatively measured the energy reserves (including water-soluble carbohydrates, lipids, proteins and glycogen) of red and green pea aphids in order to determine if there is any difference between the physiological statuses of these two colour morphs. We used a recently developed biochemical method (Foray et al., 2012) by which, both total and individual energy reserves can be quantied at the individual level and used as a reliable indicator to evaluate the allocation of energy by insects to their diverse biological activities.
MATERIAL AND METHODS

Plants and insects
Broad bean plants, Vicia fabae (Fabaceae), were used as the host plant for the pea aphids. Seeds of broad beans were planted in plastic pots (20 cm heigh and 20 cm in diameter) containing sawdust. Red and green pea aphids were separately collected from alfalfa fields in the Hashtgerd region (Karaj, Iran) and transferred to the host plants. The aphids were transferred to new plants every five days to prevent the production of winged aphids. The stock colony of pea aphids was reared in a greenhouse at 22 ± 3°C, 65% relative humidity and a photoperiod of 16L : 8D. At the time of the study, the aphids had been reared under these controlled conditions for at least 50 generations.
Sample preparation
The last nymphal instars of the red and green morphs, selected from the same host plants, were separately homogenized for 30 s in 180 µL of aqueous lysis buffer solution (100 mM KH2PO4, 1 mM dithiothreitol and 1 mM ethylenediaminetetraacetic acid, pH 7.4) using a plastic micropestle. There were three replicates of each of the determinations in the following assays.
Quantification of the energy reserves
The measurements of energy reserves in the whole body of red and green morphs were determined mainly following the method used by Foray et al. (2012) with slight modifications. Protein concentrations in homogenates of the whole body of red and green colour morphs of the pea aphid were measured according to Lowry et al. (1951) . Bovine serum albumin at appropriate concentrations was used as the standard. Total carbohydrates were dissolved by addition of 20 µL of sodium sulfate solution (20%) to 180 homogenate (van Handel, 1965; van Handel & Day, 1988) . Total lipid and water-soluble carbohydrates were solubilized by mixing the solution with 1500 µL of a chloroform-methanol solution (1 : 2 v/v) (van Handel, 1965; van Handel & Day, 1988) . Each sample was then centrifuged at 16,000 rpm for 15 min at 4°C. The supernatant was transferred to a new microtube for water-soluble carbohydrate determination. The pellet was used for the determination of the glycogen content. Glycogen and water-soluble carbohydrate contents were determined using the colorimetric method, using anthrone reagent and D-glucose as the standard (van Handel, 1965) .
Vanillin reagent and cholesterol (as the standard) were used for measuring total lipid content (van Handel, 1985b) . One hundred µL of the supernatant from centrifuged chloroformmethanol solution was transferred into new microtubes and heated until complete solvent evaporation. Ten microlitres of 98% sulphuric acid was added to each microtube, which was then incubated at 90°C for 2 min. Vanillin reagent (190 µL) was added to each ice pre-cooled microtube. The absorbance was determined at 540 nm after 15 min incubation at room temperature.
The different energy reserves (lipids, proteins, carbohydrates, and glycogen) were converted into energetic equivalents. The energy equivalents of these reserves are 39,500 mJ mg -1 for lipids, 24,000 mJ mg -1 for proteins and 17,500 mJ mg -1 for carbohydrates (Gnaiger, 1983) .
Data analysis
Data were analyzed using SPSS computer software, Version 15 (SPSS Inc., Chicago, IL). Independent t-tests were used to compare the average energy contents of green and red pea aphids.
RESULTS
Our results revealed that the average total energy reserves (i.e. sum of the energy in the carbohydrate, glycogen, protein and lipid reserves) of green and red pea aphids did not differ significantly (t-test: t = 1.14, P > 0.05) (Fig. 1) . Carbohydrate, glycogen, lipid and protein contents of both red and green pea aphids were also individually compared. We found that the most important energy reserve in red morphs were lipids (53.20% of total energy reserves) followed by soluble carbohydrates (24.28%) and proteins (22.06%). In green aphids, however, proteins were the most abundant energy reserve (42.14%) followed by lipids (41.06%) and soluble carbohydrates (16.04%) (Fig. 2) . We detected a very low content of glycogen in both red and green colour morphs (only 0.45% and 0.75% of total energy reserves in red and green aphids, respectively) (Figs 1 and 3d) . ) of the carbohydrate, glycogen, lipid and protein reserves of red and green pea aphids; ns -non-significant.
The lipid and soluble carbohydrate reserves in red pea aphids were significantly higher than in green ones (t-test, t = 5.14 (P < 0.01) and t = 3.66 (P < 0.05) for lipids and soluble carbohydrates, respectively) (Fig. 3a, b) . However, the average protein reserves were significantly greater in the green colour morph (t-test, t = 4.94, P < 0.01) (Fig. 3c) . There was no significant difference in the glycogen content of the two colour morphs (t-test, t = 2.179, P > 0.05) (Fig. 3d) .
DISCUSSION
Our results revealed that there were significantly higher contents of proteins, but lower contents of lipids and soluble carbohydrates in green than in red aphids (Fig. 2) . Interestingly, the total available energy calculated as the sum of the energy content of lipids, carbohydrates, proteins, and glycogen did not differ statistically between these two morphs (Fig. 1) . This means that each colour morph contains the same amount of energy but in different substrates. The most abundant reserves in red aphids were lipids and soluble carbohydrates, which implies that they are quantitatively the most important energy sources in this colour morph. In green clones, however, proteins were the most abundant followed by lipids and soluble carbohydrates (see Fig. 2 ).
Carbohydrates and lipids are the most important storage fuels of insects and are utilized more frequently than other reserves to obtain energy for muscular activity (Martin & Lieb, 1979; Rankin & Burchsted, 1992; Chapman, 1998) . The use of carbohydrates and lipids as energy sources for locomotion and flight is well documented for different insect orders, including Hymenoptera, Diptera, Orthoptera, Lepidoptera, Hemiptera etc. (Hansford & Johnson, 1975; Martin & Lieb, 1979) . These are also the most important resources used, separately or intermittently, as energy sources during starvation (Newton, 1954; Lim & Lee, 1981; Wheeler & Buck, 1992; Perez-Mendoza et al., 1999; Olson et al., 2000; Satake et al., 2000; Rivero & West, 2002) . It is advantageous for insects to store energy in the form of lipids because they provide almost two times more metabolic water and almost eight times more energy per unit weight than carbohydrates (Downer & Mathews, 1976; Chapman, 1998; Perez-Mendoza et al., 1999) . It is generally accepted that lipids accumulated during pre-adult stages are the major energy reserve for non-feeding or starved insects (Urs & Hopkins, 1973; Lim & Lee, 1981) . Additionally, it is suggested that the main destination of extra sucrose in aphids are lipids (Febvay et al., 1999) . We found a significantly higher content of lipids and soluble carbohydrates in red than green pea aphids. These differences are associated with differences in the ecological and behavioural characteristics of these colour morphs. Red pea aphids are more active than the green ones in terms of dispersal both by walking and flying [Weisser & Braendle, 2001 ; Braendle & Weisser, 2001; Farhoudi, 2012 (our own population) ]. They produce a higher proportion of winged offspring in response to crowding or attack by predators (Weisser & Braendle, 2001; Farhoudi, 2012) and drop from host plants more frequently when artificially disturbed than green aphids (Braendle & Weisser, 2001; Farhoudi, 2012) . These observations indicate that red aphids are generally more active than green aphids, which is associated with their storing more lipids and carbohydrates during their pre-adult stages. Interestingly, winged individuals have a lower reproductive potential than apterous individuals (Raikhel & Dhadialla, 1992) . So, it is not surprising that red aphids have a lower fecundity than green aphids (Markkula, 1963) . The protein content of insects, on the other hand, is not seen as a source of energy but of protein for development, maintenance, morphogenesis and reproduction (Brown, 1980; Slanski & Scriber, 1985; Karowe & Martin, 1989; Raikhel & Dhadialla, 1992) . Proteins may even be of more importance for aphids as there are three generations present within one viviparous female (inside the mature embryos in the abdomen of each aphid there are the first embryos of the third generation) (Stevens, 1904) . Green clones of pea aphids produce more offspring than red ones (Markkula, 1963) . This may account for the higher accumulation of proteins in green pea aphids.
This study highlights a new physiological aspect of colour polymorphism in aphids. Aphid polymorphism is a response to a complex set of environmental pressures, in particular the different adaptations of each color morph for avoiding natural enemies (Losey et al., 1997) and responding to changes in host plant quality (Braendle & Weisser, 2001; Weisser & Braendle, 2001 ). These differences are reflected in the energy reserves of each colour morph, which are associated with their specific ecological role in natural populations. This specialization enables aphids to respond appropriately to changes in their environment and so maximize their inclusive fitness in terms of dispersal, reproduction, defense and survival. Future studies of the energy reserves and energy allocation of different clones (races) of the pea aphid that feed on different host plants may reveal some interesting aspects of these specializations, a phenomenon that is thought to underlie host-dependent genetic divergence and speciation (see Peccoud et al., 2009a, b) . Additionally, an awareness of the accumulation pattern of energy in winged aphids may result in a more comprehensive understanding of their specialization in relation to their role in the population.
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